In this work, Mn 3 PtNx (x = 0, 0.25, 0.5, 0.75 and 1.0) compounds were prepared by solid state reaction method. The structure, magnetic properties and thermal expansion behaviors of Mn 3 PtNx compounds with different nitrogen content were systematically investigated. Mn 3 PtN has typical antiperovskite cubic structure with space group Pm3m (221). With decreasing nitrogen content, the crystal structure changes to hexagonal with space group P63/mmc when the value of x decreases to x = 0.25, and then back to cubic with Fm3m at x = 0. All of the obtained Mn 3 PtNx compound exhibit the magnetic transition from antiferromagnetic (AFM) to paramagnetic (PM). Moreover, another transition from AFM1 to AFM2 at lower temperature was also observed in Mn 3 Pt. The experimental results indicate that the magnetic transition induced abnormal thermal expansion behavior in Mn 3 PtNx. Especially, a typical giant thermal expansion behavior of about +8 volume change arising from the magneto-volume effect at 411 K is observed in Mn 3 Pt compound. The obtained results imply that this kind of compounds is a strong lattice-spin correlation system.
Introduction
Recently, antiperovskite Mn 3 AX (A = Cu, Zn, Ga, Sn, etc., X = N , C) compounds have attracted much attention since a great variety of physical properties have been reported, such as abnormal thermal expansion, magnetostriction, magnetoresistance, near zero temperature coefficient of resistance, baromagnetic, barocaloric effects, spin glass and so on. [1] [2] [3] [4] [5] [6] [7] [8] The above physical properties in Mn 3 AX mostly arise from the abundant magnetic structure and strong correlation among spin, lattice and charge. To date, much progress has been made via the design of Mn-based materials by the chemical doping (or substitution) of various species at the Mn or A site, such as giant negative thermal expansion behaviors in Mn 3 Cu 1−x Ge x N 9,10 and Mn 3 Ga 1−x Si x N, 11 near zero temperature coefficient of resistance in Mn 3 Ag 1−x Cu x N 12 and Mn 3 Ni 1−x Cu x N, 13 the magnetocaloric effect and the positive magnetoresistance in SnCMn 3−x Fe x , 14 and so on. Especially, the previous study indicates that the introduction of vacancy is an effective way to induce particular properties in this kind of materials, such as the near zero thermal expansion in a wide temperature range for Mn 3 ZnN 15 and Mn 3 NiN, 16 giant baromagnetic effect for Mn 3 GaN, 5 and so on. Compared with the investigations of substitution at the A or Mn sites, there is not much work in chemical doping/vacancy effect at the X site. In Mn 3 AX, X and Mn atoms have formed a stable octahedral structure. The narrow band near the Fermi surface of Mn 3 AX is made up of Mn 3d orbit and X (N or C) 2p orbit. 17 Hence, X is directly related to the density of states (DOS) at the Fermi level (E F ). Doping at the X site should drastically change its electronic and magnetic structures. Hence, the investigation of doping/vacancy effect at the N sites is very important for clarifying the mechanism of abnormal physical properties in antiperovskite compounds. Recently, some experimental results have been reported for the doping at N site of Mn 3 AN and C vacancy effect of Mn 3 AC. For instance, the variation of C content on the magnetic ground state of Mn 3 SnC x changes from AFM to FM with increasing x from x = 0.6 to x = 1 18 ; The C doping at N site induces the fast increase of magnetization in Mn 3 ZnN 1−x C x .
19 However, the report about the vacancy effect at N site is still rare since the N content is difficult to control in preparation compared with the C content.
Due to the high stability of the Mn-N octahedron and the strong chemical correlation between Mn and N, the N vacancy has been very hard to be achieved. The method of changing the sintering temperature cannot tune the nitrogen content precisely and its variation is small. In this work, we chose the Mn 3 PtN compound as the host material and successfully achieve the control of the N content x from 0 to 1.0 using the different stoichiometric amounts of Mn 3 Pt and Mn 3 PtN. The nitrogen content effect on structure, thermal expansion and magnetic properties of Mn 3 PtN x were investigated in detail. This research would be useful for revealing the mechanism of abnormal thermal expansion of antiperovskite compounds. 
Experimental Methods
Polycrystalline samples Mn 3 PtN x (x = 1, 0.75, 0.5, 0.25, 0) were prepared using fine powders of Mn 2 N (made in the laboratory), Mn (99.99%) and Pt (99.99%) as starting materials via solid state reaction method. Mn 2 N was firstly synthesized from the Mn powder by sintering it in nitrogen gas flow at 800
• C for 60 h. The powders were mixed well in the compositions by mechanical grinding and then pressed into pellets. These pellets were sealed in a quartz tube under vacuum (10 −5 Pa) and sintered at 800
• C for 90 h and then cooled to room-temperature. The X-ray diffraction (XRD) patterns of Mn 3 PtN x in this paper were obtained from an X' Pert PRO powder diffractometer using Cu Kα radiation around roomtemperature. The data of XRD were refined using a standard Rietveld technique to determine the crystal structure parameter. The linear thermal expansion characteristics of the sample were obtained by DIL402C thermal expansion instrument produced by the NETZSCH Company in Germany. The linear thermal expansion behaviors of the samples were measured in this paper with a heating rate of 5 K/min from 123 K to 773 K. The temperature dependence of magnetization was measured between 5 K and 900 K under the magnetic field of 100 Oe using Quantum Design Magnetic Property Measurement System (MPMS). The measurements were performed in warming processes after Field-Cooling (FC). The isothermal magnetization curve was measured between −70 kOe and 70 kOe also using MPMS. Figure 1 shows the XRD patterns of Mn 3 PtN x samples (x = 0, 0.25, 0.5, 0.75 and 1). All of the reflections can be indexed by a single phase except for several weak peaks for MnO, which will not affect the study of physical properties. The characterization of XRD data indicates that Mn 3 PtN for x = 1, 0.75 and 0.5 has typical cubic antiperovskite structure with space group Pm-3m (221). On the other hand, the crystal structure for Mn 3 PtN 0.25 and Mn 3 Pt is hexagonal with space group P63/mmc and cubic with Fm3m, respectively. To our knowledge, the hexagonal stacking and face-centered cubic stacking are typical close-packing, which have greater density compared with others. Thus, it is reasonable that when the N content x is too small, it will not be accommodated in the framework of Mn 6 N octahedral and then hexagonal stacking is formed, further the hexagonal stacking transformed to face-centered cubic stacking when the N content decreases to x = 0. Table 1 As a typical magnetic material, the magnetic properties for Mn 3 PtN x were firstly investigated. Figure 2 shows the temperature dependence of the magnetic susceptibility of Mn 3 PtN x from 300 K to 700 K under a magnetic field of 100 Oe in the warming process. The isothermal magnetization (M -H) curves at selected temperature of Mn 3 PtN x were also measured and shown in Fig. 3 to characterize the magnetic properties. For Mn 3 PtN, the magnetic transition was not observed above room-temperature, and thus the temperature dependence of magnetic susceptibility below room-temperature was further measured. As shown in the inset of Fig. 4(a) , a magnetic transition near 276 K was found, followed by magnetic steps at lower temperature which may be induced by spin re-orientation. 20 Combined with the isothermal magnetization curve at 10 K shown in Fig. 3 , the magnetic characteristic below the transition for Mn 3 PtN was determined to be antiferromagnetic, as reflected by the nearly linear M -H curve. 19 With decreasing N content, the magnetic transition temperature increases to 569 K, 566 K and 610 K for x = 0.75, 0.5 and 0.25, respectively. However, the transition remained from AFM to PM confirmed by the isothermal magnetization curves shown in Fig. 3 . In addition, it was found that the magnetic susceptibility increases with decreasing the of Mn-Mn induced by the decrease of d Mn-Mn may play an important role in the increase of the magnetic susceptibility.
Results and Discussion
21 When x further decreases to x = 0, the magnetic transition temperature drops back to 525 K for Mn 3 Pt. In addition, another obvious magnetic transition was observed near 411 K. The isothermal magnetization curves at 300 K and 418 K of Mn 3 Pt compound are shown in Fig. 3 . The linear and no hysteresis shape below the two magnetic transitions indicate that both of the two magnetic phases are typical AFM phases, which are defined as AFM1 and AFM2, respectively. Herein, AFM1 phase has triangular antiferromagnetic configuration while the magnetic structure of AFM2 phase is collinear configuration. 22 The resolved magnetic structure of Mn 3 Pt which has been well-characterized in Ref. 23 also supports the present conclusion. From all of these isothermal magnetization curves, it can be clearly seen that the magnetic-ordered phases are absolutely AFM for all Mn 3 PtN x samples.
As reported early, the magnetic transition of Mn-based antiperovskite compounds is sometimes accompanied by abnormal lattice change. [24] [25] [26] Hence, the thermal expansion behaviors of Mn 3 PtN x compounds were further investigated in detail. Figure 4 displays the linear thermal expansion curves of Mn 3 PtN x compounds. For Mn 3 PtN, a small decrease of dL was observed from 289 K to 295 K, i.e., a small negative thermal expansion behavior appears. When x decreases to x = 0.75, the negative thermal expansion was changed to positive behavior with low thermal expansion coefficient from 268 K to 285 K. The observed anomalies in thermal expansion curves of Mn 3 PtN and Mn 3 PtN 0.75 were thought to be associated with change in magnetic susceptibility below room-temperature, marked in the inset of Figs. 4(a) and 4(b). However, it was noted that no abnormal change was observed around the magnetic transition above room-temperature for Mn 3 PtN 0.75 . For x = 0.5 and x = 0.25, they show positive thermal expansion in the whole temperature range, but a significant turning point with the change of thermal expansion coefficient was detected near 506 K and 520 K, respectively. Taking into account the results of magnetic measurement, this anomaly was found to be in agreement with the temperature where the magnetic susceptibility starts to rapidly decrease, shown in Fig. 2 . In addition, the thermal expansion behaviors show another feature that is the temperature expansion coefficients increase with decreasing N content. The thermal expansion coefficients below the transition points are 2.87 × 10 −5 /K of x = 0.25, 2.67 × 10 −5 /K of x = 0.5, 2.08 × 10 −5 /K of x = 0.75, respectively. When x further decreases to x = 0 (i.e., Mn 3 Pt), large change of the thermal expansion behavior was observed compared with the other samples. As shown in Fig. 4(c) , with increasing temperature, Mn 3 Pt first shows normal positive thermal expansion. When the temperature increases to 386 K, the volume dramatically expanded at a narrow temperature range of 386-393 K (7 K), which is the so-called giant thermal expansion behavior. This behavior was accompanied with +8 volume change. With further increasing temperature, another PTE behavior with very low thermal expansion coefficients is obtained until 477 K. With further increasing the temperature, negative thermal expansion behavior occurs at 477-487 K (10 K) with the volume change of ∼ −0.4%. Then, the thermal expansion behavior returns to be positive. Hence, Mn 3 Pt has undergone two typical phase transitions near 386 K and 487 K. Meanwhile, it can be clearly seen that giant thermal expansion and negative thermal expansion behavior are in good agreement with the two magnetic transition temperatures reflected in χ-T curve.
For magnetic materials, the thermal expansion arises from both phonon contribution and magnetic contribution. To clarify the role of the magnetism in the abnormal thermal expansion behaviors of Mn 3 PtN x , we derived the phonon contribution to the thermal expansion behavior in AFM region using the fitted data in PM region. As shown in Fig. 4 , the difference of dL/L (123 K) between the measured thermal expansion and the derived data (dotted lines) corresponding to phonon contribution indicates the magnetic contribution to the thermal expansion data. For Mn 3 PtN and Mn 3 PtN 0.75 , it is obvious that the measured thermal expansion data are larger than the derived data (dotted line). The difference of dL/L (123 K) in AFM region implies that the magnetic contribution is positive and the corresponding magnetic phase (AFM) is larger than PM phase. On the contrary, the difference for Mn 3 PtN 0.5 and Mn 3 PtN 0.25 is negative revealing that the corresponding AFM phase is smaller than PM phase. For Mn 3 Pt, it was found that the AFM phase below 411 K (AFM 1) is much smaller than PM while another AFM phase (AFM 2) between 411 K and 525 K is slightly larger than PM phase. Hence, we can conclude that the magnetic characteristic is a key factor for the origin of anomaly in thermal expansion curves. In addition, it can be found that the difference of dL/L (123 K) between the measured thermal expansion and the derived data for Mn 3 PtN 0.25 is larger than Mn 3 PtN 0.5 . This trend is consistent with the value of the decrease of magnetic susceptibility according to AFM-PM transition. The above analysis suggests a strong correlation between the lattice and the spin in Mn 3 PtN x compound.
27
For further understanding the lattice-spin coupling, the variable temperature XRD has been carried out for Mn 3 PtN 0.25 and Mn 3 Pt. Figure 5 shows the temperature dependence of lattice constant for Mn 3 PtN 0.25 and Mn 3 Pt near the magnetic transition. The results indicate that Mn 3 PtN 0.25 keeps the hexagonal structure in the whole measured temperature range. For Mn 3 PtN 0.25 , lattice parameters a and b expand commonly with temperature. However, the lattice parameter c shows a fast increase with temperature below 520 K which corresponds to the anomaly in thermal expansion curve. Hence, the fast increase of lattice parameter c was thought to be associated with the large difference between the measured thermal expansion and the derived data contributed by magnetism. For Mn 3 Pt, the crystal structure keeps cubic with space group Fm3m except for the coexistence of two cubic phases in the transition temperature range (393-428 K). The blue line in Fig. 5(b) corresponds to the calculated lattice constant of Mn 3 Pt by the formula: a cal = a 1 f 1 + a 2 f 2 , where the a 1 , a 2 , f 1 and f 2 are the lattice constants of the cubic phase 1 and the cubic phase 2, the phase fractions of the cubic phase 1 and the cubic phase 2, respectively. 28 The results indicate that the sample undergoes the giant thermal expansion behavior at the transition temperature range, in agreement with the linear thermal expansion dL/L (123 K) measurement shown in Fig. 4(c) . The giant thermal expansion behavior obtained from the variable XRD corresponds to +8.8 lattice changes, which is close to the results from thermal expansion behavior. This reveals that the giant thermal expansion behavior is related to the transform between two cubic phases with different lattice parameters associated with the AFM1-AFM2 transition. However, the negative thermal expansion behavior near the magnetic transition at higher temperature observed in dL/L(123 K)-T curve was not found in the variable temperature XRD results. This may be due to the limited measured temperature points around the high temperature transition and the much smaller volume change in the negative thermal expansion behavior (∼ −0.4). Mn 3 PtN x at room temperature change from cubic to hexagonal, and then back to cubic with gradually decreasing N content. The isothermal magnetization curves indicating all of the obtained Mn 3 PtN x compounds show AFM characteristic. Further, anomalies were observed in thermal expansion curves around the magnetic transition from AFM to PM, indicating the strong spin-lattice coupling. When x decreases to x = 0, another AFM-AFM transition was also found in Mn 3 Pt, accompanied with giant thermal expansion behavior with +8 volume change. Variable temperature XRD results further verify that the origin of the anomaly in thermal expansion curve for Mn 3 Pt and Mn 3 PtN 0.25 is due to the abnormal change of lattice correlated with the magnetic transition.
Conclusion

